Loss of electronic equilibrium in lung tissue causes a build-up region in the tumor.
Introduction
Lung and bronchus cancer is the leading cause of cancer mortality in the United States; in the year 2003, there will be an estimated 171,900 new cases and 157,200 deaths (1). Surgery is the treatment of choice for localized lung tumors, but the majority of cases are not amenable to surgery. Radiation therapy (RT) with or without chemotherapy has a potentially curative role in the treatment of patients with localized but unresectable lung cancer and in patients not medically suitable for surgery. Unfortunately, local control rates are disappointing. In a well-controlled prospective trial using a fractionated RT to deliver a dose of 65 Gray, bronchoscopy and biopsy 3 months after treatment were negative in only 15% of cases, and at 2 years, only 10% (2). Suboptimal dosimetry may be one factor contributing to the frequent failure of RT to control tumor at the primary site.
The loss of electronic equilibrium in lung tissue is known to cause a build-up region in the tumor, resulting in tumor sparing. The depth in the tumor at which electronic equilibrium is reestablished is greater for higher energy pho-tons. The phenomenon observed at the lung-tumor interface, in which increasing the photon energy decreases the peripheral dose to the tumor, is well known and has been verified in phantom measurement for both 2-dimensional and 3-dimensional treatment planning systems (3) (4) (5) . Recently, Monte Carlo lung dosimetry has provided more evidence demonstrating a disadvantage of higher energy (15 MV) when compared to lower energy (6 MV) x-ray beams (6-8). There are two novel aspects of lung dosimetry addressed in this paper: (i) it investigates the significance of beam orientation on target coverage in lung tumors for different photon beam energies, and (ii) it uses PENELOPE for radiotherapy dose calculations.
RT for lung tumors has conventionally been delivered via opposing beams AP and PA until spinal cord tolerance is reached, then opposed oblique fields off of the spinal cord are used. The current clinical understanding of tumor control and toxicity has been established historically for these beam arrangements (both with and without empirically correcting for tissue heterogeneity within the exposed volume). While the actual dose representations for these arrangements may be incorrect, they are nonetheless consistent for these particular beam arrangements. With the flexibility of 3-D conformal therapy, numerous other beam arrangements, both coplanar and non-coplanar, can be utilized with the potential advantage of reducing normal tissue dose. Clinical data supporting the safety and efficacy of 3-D treatment planning is emerging, changing what many radiation oncologists consider to be standard (9). The purpose of this study is to investigate the effects of beam energy and beam arrangements on the radiation dose distribution at the lung-tumor interface, using a Monte Carlo model. The PENELOPE Monte Carlo code employs state of the art radiation transport physics and algorithms. Recent comparison of different Monte Carlo codes (including EGS4 code) validates the PENELOPE code transport algorithm, demonstrating accurate particle tracing capabilities at the heterogeneity interface (10,11).
Material and Methods
Simulations were performed with PENELOPE general-purpose Monte Carlo photon-electron transport code (12). The phantom was designed using quadric geometry in the PEN-GEOM2 subroutine. The thoracic anatomy consisted of a cylinder of radius = 12 cm. Within the thoracic cylinder, right and left lung cylinders of radius = 5 cm were placed symmetrically. The tumor is simulated by a sphere of radius = 2 cm that was placed in the center of the right lung at a distance of 5 cm from the external contour to the tumor surface along the x-axis. The tissue composition was designed using the material database of the PENELOPE package, 1.0g/cm 3 for soft tissue density and 0.3g/cm 3 for lung.
A version of the PENELOPE of 96/98 was used in this work. The main program, written by the user, calls on the subroutines in PENELOPE including the geometry package PEN-GEOME2. The program was written for scoring the dose in a grid with voxel size of 3 × 3 × 3 mm. The coordinate origin was associated with the isocenter. This grid was imposed on the phantom geometry during the particle tracing. The electron, positron and photon trajectories were traced until reaching a cutoff energy of 100 keV, insuring that the residual range of the secondary electrons were less than the size of the spatial voxels used for dose scoring. A beam model of the appropriate spectrum consistent with our Siemens KD accelerator was impinged in such way that the fluence is uniform at SAD of 100 cm. The energy spectra for this simulation were taken from R. Mohan et al. (13) . We compared the dose profiles in the homogeneous media for this simple model, and found that they are very close for used beam sizes of 5.6 cm diameter at 100 SAD. However, this model doesn't take into account the changes of the beam spectrum with angle from the beam axis. The beam model also does not account for the secondary electrons coming from the accelerator head, making questionable the data for small distances from the surface of the phantom. However, the area of targeting is sufficiently deep in the phantom, that this assumption is acceptable.
The number of simulated histories of primary photons is 10 7 for each beam. The statistical uncertainty of the dose at the isocenter is on the order of 2.5%; after weighted matrix smoothing, the uncertainty is reduced to 0.9%. The smoothing was performed over dose values in 8 neighborhood voxels with the unit weight factor of the central voxel. The matrix smoothing technique implemented is standard in the visualization software package SURFER (14). For all fields in the experiment, the field size has a 5.6 cm diameter, and the target size has a 4.0 cm diameter.
Simulations were performed for: (i) a conventional 4-field lung treatment weighted 67% AP/PA and 33% by off-cord parallel opposed oblique fields, (ii) a 6 coplanar opposed field technique all fields equally weighted, (iii) 7 non-coplanar fields arranged geometrically so that anterior beams triangulate and posterior beams form a tetrahedron (4) 7 coplanar non-opposed fields each spaced 51.4 degrees apart. Figure 1 demonstrates the geometry of the 4-field coplanar beam arrangement. Figure 2 depicts the seven field noncoplanar technique. Figure 3 the six-field coplanar beam arrangement. The seven coplanar non-opposing fields angled 51.4º apart is not shown.
Monte Carlo simulations were performed to compare the dose distributions for photon beam energies 6 MV and 15 MV, and lung media homogeneous and heterogeneous with respect to tumor. The simulations were performed for each beam arrangement and energy keeping the tumor-lung model dimensions constant while varying the lung model composition with respect to tumor. Two-dimensional representations of the three perpendicular planes, axial (xy), coronal (xz), and sagittal (yz), for each simulation were used to find the highest percent isodose covering the tumor. The isodose curves step down at 5% intervals from the dose maximum. Within the tumor and at the tumor-lung interface there is a steep dose gradient making visual interpretation of the dose distribution using 1% intervals impractical. For the comparison of dose distributions, plans were normalized so that the dose at isocenter equals 100%. However, the absolute dose at isocenter varies when the density of lung tissue is the only variable changed; these values are presented in Table V .
Results
Tables I, II, III and IV displays the highest percent isodose covering the tumor in each plane for each simulation relative to an isocenter dose of 100%. The Gradient max is the greatest difference between the dose at isocenter and the dose at the edge of the tumor. Table V gives the absolute dose ratios of D inhom to D hom , where D inhom is the absolute dose to the isocenter in the inhomogeneous case and D hom is the absolute dose in the homogeneous case.
In the simulations using homogeneous media, there is a 10% to 20% variation of radiation dose across the tumor in each plane. In heterogeneous media the variation is larger, 15% to 25% for 6MV, 25%to 35% for 15 MV plans. For every beam arrangement in heterogeneous media, the radiation dose covering the tumor periphery was consistently less for 15 MV photons than for 6 MV photons. The data in Table V shows that the absolute dose to the isocenter is greater in the inhomogeneous case for all beam arrangements and energies. For coplanar plans in heterogeneous media, the greatest degree of under dose was observed in the coronal plane tangential to the incidence of the beams. Figure 4 demonstrates the loss of electronic equilibrium in a conventional 4field beam arrangement using 6 MV photons. Figure 5 shows that adding additional fields does not significantly overcome the tumor sparing effect, but does spare normal lung tissue from the higher doses of radiation. Figure 6 demonstrates the most optimal dose distribution using the lower energy photons (6 MV) and the non-coplanar beams. Figure 7 depicts the steep dose gradient within the tumor and at the tumor/lung interface.
Discussion
The phantom model used in this computational experiment, being ideal, does not account for differences in patient anatomy, tumor anatomy, or respiratory movement. Conventional treatment planning calculation algorithms do provide homogeneity corrections for lung tissue accounting for decreased attenuation of the beams passing through the less dense lung, but they do not accurately account for loss of electronic equilibrium at the lung/tumor interface. Secondary electrons created by Compton interactions are scattered at angles both forward and backward, while the deflected photons are scattered in forward directions. At the lung-tumor interface, unlike a target in air, the lung tissue does provide some bolus effect on the tumor surface, which is significantly variable from patient to patient with physi-cal densities ranging from 0.1 g/cm 3 to 0.35 g/cm 3 , and in cases of collapsed lung, approaches 1.0 g/cm 3 . In the Monte Carlo lung/tumor model, tangential under dosing of the tumor imbedded in lung appears to be a major disadvantage for multi-field coplanar treatment plans. Noncoplanar beams may have a slight advantage, but ultimately, the poor dosimetry may be inherent to photon radiation. Heterogeneity corrections do account for the decrease in the attenuation of the photon fluence through lung tissue. Convolution superposition equations consider the transport of primary and secondary particles separately, applying density corrections over path length; but they do not account for A recent report by Osei E. K. et al. (15) , used the EGSNRC code to define the penumbra for AP/PA beams on a 2 cm cube shaped target +1 cm planning target volume imbedded in a lung tissue phantom. The 6, 10 and 18MV beams required 2.5, 3 and 3.5 cm margin to achieve 95% relative dose to the planning target volume. Without the PTV, the 6MV beams required 2.0 cm margin and the 18 MV beams required a 3.0 cm to achieve 95% relative dose target coverage. Our study varied beam arrangements while keeping the beam aperture constant (8mm margin). Our clinical research approach to the lung "coin lesion" is focused on hypofractionated sterotactic body radiosurgery, where we actually favor the dosimetry with steep dose gradients and prescribe to the 80% isodose line (16). In the future, Monte Carlo is anticipated to have an increased clinical role in lung tumor dose planning.
Lung Cancer Radiation: Monte Carlo 293
Technology 
Figure 6:
Seven noncoplanar 6MV photon beams in heterogenous media. 90% isodose covers the tumor in the axial (xz) plane.
Figure 5:
Six coplanar 6MV photon beams in heterogenous media. 80% isodose covers the tumor in the axial (xz) plane.
Figure 7:
A steep dose gradient is generated by a 15 MV conventional 4field coplanar beam arrangement in heterogenous media. The 65% isodose covers the tumor in the coronal (xy) plane.
